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An active area of research is the altering of surface functions (e.g., wettability and cell adhesion) by controlling 
fine surface structures such as laser-induced periodic surface structures (LIPSS). It has been found that 
micrometer-scale grooving (produced, for example, using ultraprecision cutting) followed by short-pulsed laser 
irradiation can result in efficient LIPSS coverage of a large area. However, micrometer-scale grooves can remain 
on the surface after short-pulsed laser irradiation. In this paper, to clarify the phenomenon and processing 
principle of groove-assisted short-pulsed laser irradiation, a finite-difference time-domain simulation is 
developed and experiments are conducted using 304 stainless steel and nickel-phosphorus (Ni-P) plating layer 
substrates. The use of magnetic abrasive finishing (MAF) is proposed for fabricating sub-micrometer-deep 
straight grooves with various peak-to-peak distances (pitch length) prior to the short-pulsed-laser irradiation. 
The subsequent short-pulsed-laser irradiation produces sub-micrometer-deep straight structures superimposed 
on the MAF-produced surface. While the pattern and depth of LIPSS are influenced by the groove depth made 
by MAF prior to the short-pulsed laser irradiation, the pitch length of LIPSS is dependent on the laser 
wavelength. This demonstrates the ability of MAF to produce grooves that guide the LIPSS and the efficacy of 
the developed method for fabricating fine LIPSS. The geometry of the sub-micrometer deep grooves—made 
prior to the short-pulsed laser irradiation—is the dominant factor in determining the pattern and geometry of 
the LIPSS. 
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1.   Introduction 
Many research projects have been carried out to study the creation of fine structures on a surface to impart various 
functionalities such as a reduction of friction [1-3], control of wettability [4, 5] and enhancement of cell adhesion [6, 
7]. Laser-induced periodic surface structures (LIPSS) enable those surface functions, and it has been shown that short-
pulsed laser irradiation is a promising method for fabricating LIPSS in a self-organizing manner [8]. However, it has 
been difficult to finely control the LIPSS made by short-pulsed laser irradiation due to a lack of understanding of the 
processing principle and the phenomenon itself [9-12]. While it has been reported that the pitch length and the direction 
of LIPSS are controlled by using two lasers [13, 14], there are a few reports to control LIPSS by changing the original 
surface shape before laser irradiation. 
Our previous study revealed that LIPSS are influenced by the crystal structures, as shown in Fig. 1 [15]. Another 
study revealed that LIPSS follow debris or depressions on the substrate surface that easily induce plasma waves [16]. 
We proposed groove-assisted short-pulsed-laser irradiation, a method based on this phenomenon to fabricate LIPSS 
patterns guided by micrometer-deep grooves made using ultraprecision cutting followed by short-pulsed laser 
irradiation [17]. As shown in Fig. 2 [17], straight, high-aspect-ratio LIPSS were fabricated on top of the microgrooves; 
however, the cutting grooves remained on the surface. To eliminate the remaining deep groove and control the 
structures made using groove-assisted short-pulsed-laser irradiation, the effects of the groove geometry (roughness) on 
the laser-irradiation phenomena needs to be further studied. 
Magnetic abrasive finishing (MAF) is a process by which material is removed by magnetic abrasives sliding against 
a target surface in a magnetic field, capable of polishing a complicated three-dimensional curved surface with high 
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accuracy and efficiency [18-20]. The MAF-processed surface is the accumulation of generated scratches, which are 
between nanometers and micrometers deep, depending on the abrasive size and the magnetic force acting on the 
magnetic abrasive [21].  
The objectives of this study are to apply MAF to fabricate grooves with various geometries (e.g., depth and pitch 
length) and to investigate the effects of the groove geometry on short-pulsed laser irradiation. A finite-difference time-
domain (FDTD) simulation was developed to investigate the effects of straight micro/nanogrooves on the electric field 
intensity distribution by laser irradiation, causing fabrication of LIPSS, and experiments were conducted using 304 
stainless steel and Ni-P substrates in which sub-micrometer- and micrometer-deep straight grooves, fabricated using 
MAF, was irradiated using short-pulsed laser energy. This paper describes the efficacy of MAF to produce grooves 
assisting the short-pulsed-laser irradiation and identifies the effects of the geometry, especially roughness, of the 
grooves made using MAF on the structures made using short-pulsed laser irradiation. 
2. Principles 
Figure 3 shows the MAF processing principle for the inner surface of a nonferrous magnetic tube. A magnetic field 
magnetizes and attracts a mixture of iron particles and magnetic abrasives, pressing them against the inner tube surface. 
The magnetic force F acting on a magnetic particle in a non-uniform magnetic field is expressed as follows:  
 F = VχH∙grad(H)  (1) 
 
where V is the volume of the magnetic particle, χ is the susceptibility, and H and grad(H) are the intensity and the 
gradient of the magnetic field, respectively.  
When the tube is rotated at high speed, the mixture of iron particles and magnetic abrasives move relative to the 
inner surface of the tube, finishing it. The motion of the mixture of iron particles and magnetic abrasives (shown in Fig. 
3(b)) leads to self-generating action. 
Figure 4 shows the processing principle of short-pulsed laser irradiation [17]. Surface unevenness provides the 
starting points for the plasma waves created by the parametric decay when the surface is irradiated [22, 23], as shown 
in Fig. 4(a). Surface plasmon occurs due to interference between the plasma wave and the incident light, causing 
periodic Coulomb explosions on the surface. After the collisional relaxation time (CRT), heat is distributed on the 
surface, inducing ablation or inhibition of structures, eventually producing LIPSS [24, 25]. The wavelength of the 
plasma wave is 0.5-0.85 times as long as the wavelength of the irradiating laser and is approximately equal to the pitch 
length between LIPSS [22, 23]. LIPSS are fabricated when the pulse duration, a major factor in the fabrication of LIPSS, 
is shorter than the CRT [26, 27], and a short-pulsed laser with a 20 ps pulse duration has been used in our research 
since the 20 ps pulse duration is similar to the CRT and the increase of the pulse duration reduces machining cost and 
stabilizes laser irradiation. 
  
3. Electromagnetic Field Analysis 
3.1. Methodology 
A finite-difference time-domain (FDTD) simulation was conducted for investigation of the effect of the groove depth 
on the electric-field intensity when fabricating LIPSS using a short-pulsed laser. This method involves the calculation 
of the electromagnetic field intensity by solving the time-dependent Maxwell’s equations in differential form, 
introduced by Yee in 1966 [28-32]. The time arrangement is determined by Eqs. (2) and (3) by solving Maxwell’s 




















where E is the electric field, B is the magnetic flux density, D is the electric flux density, H is the magnetic field, ρ is 
the electric charge density, J is the current density, μ is the permeability, ε is the permittivity and σ is the 
conductivity, superscript n is the time steps, Δt is the time increment. 
3.2. Analytical setup and conditions 
Electromagnetic field analysis was conducted by using an FDTD simulation (using nanophotonic FDTD simulation 











coefficient) for each material. Figure 5 shows the analytical model of the initial process of LIPSS: the insides of the 
orange-bordered rectangle and the yellow-bordered square are the analysis area and the monitor area, respectively, and 
the purple arrow and the blue double-headed arrow indicates the direction of the incident light and the direction of the 
laser polarization, respectively. Nickel-phosphorus (Ni-P) and 304 stainless steel were used for analysis objects, and 
the analytical conditions are listed in Table 1, including the refractive index and the extinction coefficient measured 
by an ellipsometer. The pitch length of grooves (Pl) was set to 800, 850 and 900 nm to investigate the difference of the 
electric field distribution for each material and to predict the geometry of LIPSS. The two-dimensional analysis was 
conducted, and the boundary conditions of x-axis and y-axis were set to the periodic boundary conditions and the 
perfectly matched layer (PML) conditions absorbing and attenuating lights incident on the boundary surface with little 
reflection, respectively, modeling the laser irradiated on the surface with periodic structures.  
Next, the same analysis was performed to investigate the effects of and the initial surface with a groove on the height 
of LIPSS. Figure 6 and Table 2 show the analytical model of a surface with a groove irradiated by a laser and the 
analytical conditions. The two-dimensional analysis was conducted, and the boundary conditions of x-axis and y-axis 
were set to the PML conditions, modeling the laser irradiated on the surface with a groove. The groove depth was set 
to 500, 1000 nm to investigate the effects of groove depth smaller than 1000 nm on the fabrication of LIPSS since the 
previous study investigated the effect of the groove with 1000 nm depth [17].  
3.3. Results and remarks 
Figure 7 shows the analytical results for each material, suggesting that ablation might occur at the area with large 
electric field intensity (EFI) due to the multiple ionization and the Coulomb explosion. The upper and the lower parts 
in the analytical results show the atmosphere and the workpiece, respectively. If the penetration depths of the EF at the 
bottoms of the grooves is larger than that at the tops of grooves, the bottoms of the grooves might be removed. Fig. 7 
shows that the electric field at the bottom of the grooves reached deeper into the material than that at the top of them 
on all surfaces except for Pl = 900 nm on 304 stainless steel surface. Figure 8 shows the relationship between Pl and 
the EFI of the bottom and the top of grooves for each material. The gap of EFI between the bottom and the top of 
grooves were the largest when Pl = 850 and 900 nm on 304 stainless steel and Ni-P surface, respectively, suggesting 
that the pitch length of LIPSS on a 304 stainless steel surface might be shorter than that on a Ni-P surface because it 
has the high refractive index, shortening the wavelength of incident lights. The EFI of Ni-P was smaller than that of 
304 stainless steel due to a less extinction coefficient inducing small absorption.  
Figure 9 shows the analytical results of the surface with a groove irradiated. The EF is distributed periodically on 
all surfaces with grooves inducing surface plasma waves, and the EF reached deeper into the surface with increasing 
the groove depth. Figure 10 shows the maximum and minimum electric field intensity on the substrate surface for each 
analytical condition. The maximum and minimum EFI slightly increased and decreased with the increase of the groove 
depth, causing much ablation of material and resulting in LIPSS with a high aspect ratio (depth divided by pitch length), 
since a deeper groove had larger inclined planes which induce the multiple reflections and strong surface plasma waves. 
These results show that a material with a higher extinction coefficient and surfaces with deeper grooves are key 
factors to effectively fabricate LIPSS with high aspect ratio. 
As shown in Fig. 2, the previous research showed that the micrometer-scale deep grooves, which were helpful in 
LIPSS fabrication, remained on the Ni-P surface after the laser irradiation. The groove depth before the laser irradiation 
was about 1 µm, which was longer than the height of LIPSS. This result and the FDTD simulation combine to suggest 
that the groove should be deep enough to facilitate LIPSS fabrication but should not exceed the depth of ablation. 
4. Experiments  
Experiments were conducted to fabricate straight high-aspect-ratio LIPSS and to investigate the effects of the groove 
depth on the fabricated LIPSS. Grooves with various depths were fabricated using MAF, and these grooves were 
irradiated by a short-pulsed laser. The resultant structures were observed with a scanning electron microscope (SEM) 
and measured using an atomic force microscope (AFM). 
4.1. Groove Fabrication 
4.1.1 Experimental setup and conditions 
Ni-P-plated 304 stainless steel tubes (19 mm OD × 17.2 mm ID × 100 mm long) with the film thickness of 200 µm 
and 304 stainless steel tubes (20 mm OD × 18 mm ID × 100 mm long) were prepared as workpieces for this study to 
fabricate LIPSS on the free curved surface. Figure 11 shows the MAF equipment, which includes four Nd-Fe-B 
permanent magnets (9.53 × 9.53 × 19.05 mm) to generate the magnetic field inside the tube, a chuck to hold the tube, 
and motors for tube rotation and magnet vibration (in the tube axial direction). 
The finishing conditions are provided in Table 3. The abrasive depth of cut mainly determines the groove depth in 
the tube surface. In this study, the abrasive depth of cut was altered by changing the magnetic particle size and the 
magnetic force acting on the magnetic particles pressing the magnetic abrasive against the tube surface. As shown in 
Eq. (1), the magnetic force acting on the particle is proportional to the volume of the particle. Four different sizes of 
ferromagnetic particles were used in the case of Ni-P-plated tubes. The initial surface roughness of the plated tubes was 
about 1.6 µm Rz (average maximum height). They were initially finished with the largest magnetic particles for 5 min 
and they were then rinsed using an ultrasonic cleaner, and the surface roughness was measured with a diamond-stylus 
profilometer. The finishing experiments were continued with smaller magnetic particles for another 5 min, followed by 
another roughness measurement. This sequence was repeated four times to meet the polishing limit. In the case of the 
unplated 304 stainless steel tubes, the initial surface roughnesses were not consistent. Therefore, both the magnetic 
particle size and finishing time were adjusted to obtain the roughnesses similar to the Ni-P-plated surfaces by using the 
largest magnetic particle and gradually reducing the magnetic particle size. After completing the surface finishing, the 
tubes were sectioned and the surface geometries were further analyzed using an AFM. 
4.1.2 Results 
Figures 12 and 13 show the AFM images and the peak-to-valley RZ of the Ni-P surface after finishing in each 
condition, respectively. Figures 14 and 15 show the AFM images and the peak-to-valley RZ of 304 stainless steel 
surfaces after finishing in each condition, respectively. The peak-to-valley RZ was obtained from the sectional profile 
of the AFM image. In both cases, the finished surfaces had roughnesses between 0.1 and 1.0 µm RZ. It was observed 
that the larger the iron particle, the stronger the magnetic force acting on the iron particle. The G50 steel grit is harder 
than the iron particle and has a sharp edge, which occasionally caused deep scratches on the surface. This resulted in 
the roughest surface among the four conditions in both cases.  
4.2. Fabrication of LIPSS using Short-Pulsed Laser Irradiation 
4.2.1 Experimental setup and conditions 
 Short-pulsed laser irradiation experiments on the MAF-finished surfaces were conducted with a picosecond-pulse 
laser oscillator (EKXPLA, PL 2250-50P20) with 20 ps pulse duration due to lower cost and more stable laser irradiation 
with longer pulse duration and because the maximum of the collisional relaxation time of metals is about 20 ps. Figure 
16 shows the experimental setup including a polarizer to isolate the specific polarization of a light, a beam splitter to 
separate a laser beam into a necessary beam and a redundant beam, and a collecting lens with a focusing range of 150 
mm. 
The laser irradiation conditions are provided in Table 4. The laser was a Gaussian beam and was irradiated on the 
fixed point of a workpiece surface without scanning, inducing ablation at the central part of an irradiated area where 
was analyzed with an AFM. The energy density Ed was set to relatively small values, 0.14 and 0.10 J/cm2, in the case 
of Ni-P-plated tubes and 304 stainless steel tubes, respectively, since the laser with low Ed is favorable to fabricate 
LIPSS. Additionally, compared the thermal conductivity, 5 W/m/K of Ni-P is less than 16 W/m/K of 304 stainless steel, 
causing ablation of the whole irradiated surface with an increase of the number of shots n, thus n was set to 10 and 150 
shots in the case of Ni-P-plated tubes and 304 stainless steel tubes, respectively. 
4.2.2 Results 
Figure 17 shows AFM images of short-pulsed-laser-irradiated zones of Ni-P surfaces. This demonstrates that straight 
LIPSS were fabricated on all surfaces superimposed on the surfaces finished using MAF. The direction of the straight 
LIPSS was perpendicular to the laser polarization. Figure 18 shows the changes in groove depth in the Ni-P surfaces 
for each surface condition. The average LIPSS height on the MAF-polished surfaces was about 200 nm which was 
higher than the LIPSS height of about 100 nm on the mirror surface [17]. The average LIPSS height increased 
slightly with increasing surface roughness of the MAF-finished surface. The average height of LIPSS was similar to 
the MAF-finished surface roughness RZ of MP1 and MP2 but less than the roughness of MP3 and MP4. This can be 
attributed to the multiple scattering of the electromagnetic waves at the surface, increasing the energy absorptivity at 
both peaks and valleys [33-35].  
AFM images of LIPSS on the surface of processed 304 stainless steel are shown in Fig. 19. Although the condition 
MP4 had a surface roughness similar to the laser wavelength, straight LIPSS were produced. While the straight LIPSS 
were fabricated on the central part of the laser-irradiated spot, the LIPSS at the edge of irradiated spots were distorted 
as shown in Fig. 20. The reason is because the laser had a Gaussian beam profile, and the laser fluence at the edge of 
irradiated surface was smaller than that at the central part, decreasing surface plasma waves and ablation. Figure 21 
shows the heights of LIPSS on each 304 stainless steel surface. Like the Ni-P case, the rougher the MAF-finished 
surface, the higher the fabricated LIPSS since the electric field reached deeper into the workpiece and the maximum 
electric field intensity on the surface increased with the increase of the groove depth as shown in the analytical results. 
The LIPSS fabricated on the 304 stainless steel surfaces were taller than the ones fabricated on the Ni-P surfaces. This 
was because the extinction coefficient and the maximum electric field intensity on the surface of 304 stainless steel are 
higher than those of Ni-P as shown in the analytical results, resulting in large ablation.  
Figure 22 shows changes in the pitch length of LIPSS fabricated on (a) Ni-P and (b) 304 stainless steel surfaces for 
each irradiation condition. The pitch length was independent of the surface roughness conditions after MAF in both 
cases. The pitch lengths of LIPSS on the Ni-P and 304 stainless steel surfaces were about 900 nm and 780 nm, 
respectively. While the pitch length in the case of Ni-P was calculated to be about 0.85 times the irradiation laser 
wavelength of 1064 nm, the pitch length in the case of 304 stainless steel was about 0.74 times the laser wavelength. 
These phenomena were attributed to the surface plasmons whose wavelength is extended with the decrease of the 
refractive index of the irradiated material [36], which corresponded with the analytical results that the pitch length of 
grooves with the largest gap of EFI between the bottom and the top of grooves was longer on the Ni-P surface with the 
low refractive index than that on the 304 stainless steel surface with the high refractive index. In both cases, the pitch 
increased slightly as the roughness of MAF-finished surface increased since the EFI increased with the increase of the 
groove depth, increasing the electron density and extending the pitch length of surface plasma waves explained by the 
parametric decay [13], but slightly decreased in condition MP4. To determine the cause, this trend needs further study.  
Overall, these results demonstrated the efficacy of groove-assisted short-pulsed laser irradiation to fabricate straight 
LIPSS on Ni-P and 304 stainless steel surfaces and the efficacy of an FDTD simulation to investigate the effects of 
original surface roughness on fabrication of LIPSS and to predict the LIPSS geometry. The aspect ratio (depth divided 
by pitch length) of the structures fabricated on the Ni-P and 304 stainless steel are approximately 0.21–0.25 and 0.42–
0.71, respectively.  
5. Conclusions 
This paper studied the effects of surface roughness before the short-pulsed laser irradiation on the resultant LIPSS. 
The results of experiments are summarized as follows: 
1. MAF enables the fabrication of straight, sub-micrometer-deep grooves, which facilitate the induction and 
propagation of surface plasma waves periodically and linearly on Ni-P and 304 stainless steel surfaces. 
2. As long as the groove depths are shorter than the wavelength of laser irradiation, the short-pulsed laser irradiation 
enables the fabrication of LIPSS superimposed on the grooved substrate structures.  
3. The structures guided by grooves were higher than the structures made on mirror surfaces. The height of the 
structure increased with increasing surface roughness (generated using MAF). FDTD simulation also showed that 
deeper grooves facilitate the creation of electric fields at the bottoms of grooves.  
4. The pitch lengths of LIPSS on the Ni-P and 304 stainless steel surfaces were about 0.85 and 0.74, respectively, 
times the laser wavelength due to the parametric decay of the laser light to the plasma waves.  
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Fig. 1  LIPSS on a 304 stainless steel surface [15] 
 
 
Fig. 2  LIPSS on a flat surface and a Ni-P surface with cutting groove [17] 
 
 
(a)  Schematic of internal MAF 
 
 
(b)  Behavior of magnetic particles and abrasives at finishing area 




(a)  Mechanism of surface plasmon due to parametric decay 
 
(b)  Processing model 
Fig. 4  Processing mechanism of short-pulsed laser [17] 
 
 
Fig. 5  Analytical model of periodic structures 
 
 
Fig. 6  Analytical model of surface with a groove 
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Fig. 7 Electric field distribution for each material with different pitch 
 
 
(a) Ni-P  
 
(b) 304 stainless steel 
Fig. 8 Changes in electric field intensity for each material with different pitch 
 
(a) Gd = 500 nm  
 
(b) Gd = 1000 nm 
Fig.9 Electric field distribution for each groove with different depth 
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Fig. 12  AFM images of the Ni-P surfaces finished by MAF 
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Fig. 15  Relationship between 304 stainless steel surface roughness and finishing conditions 
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Fig. 17  AFM images of LIPSS on Ni-P surfaces 
 
 
Fig. 18  Relationship between height of LIPSS on Ni-P  surface and surface conditions 
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Fig. 21  Relationship between height of LIPSS on 304 stainless steel surface and laser irradiation conditions 
 
 
(a) Ni-P surface 
 
(b) 304 stainless steel surface 
Fig. 22  Relationship between pitch length of LIPSS and laser irradiation conditions 
 
  
Table 1  FDTD analytical conditions 
Laser wavelength 900 nm 
Pulse duration 20 ps 
Material Ni-P 304 stainless steel 
Refractive index 2.73 3.11 
Extinction coefficient 3.68 4.89 
Pitch length Pl 800, 850, 900 nm 
Height 50 nm 
Boundary condition (x-axis) Periodic 
Boundary condition (y-axis) PML 
 
Table 2  FDTD analytical conditions 
Laser wavelength 900 nm 
Pulse duration 20 ps 
Material Ni-P 
Groove depth Gd 100, 500, 1000 nm 
Groove angle 90° 
Boundary condition (x-axis) PML 
Boundary condition (y-axis) PML 
 
Table 3  Finishing conditions 
Workpiece 
Ni-P plated 304 stainless steel tube (19×17.2×100 mm),  
304 stainless steel tube (20×18×100 mm) 
Workpiece revolution 2000 min-1 
Magnetic particle 
MP1) 1.6 g Iron particles (grain diameter 44 - 149 µm)  
MP2) 1.6 g Iron particles (grain diameter 149 - 297 µm)  
MP3) 1.6 g Iron particles (grain diameter 177 - 595 µm)  
MP4) 1.6 g Steel grit 50 (mean diameter 297 µm) 
Abrasive 0.4 g Magnetic abrasive (mean diameter 80 µm, Alumina particles < 10 µm) 
Lubricant Soluble-type barreling Compound: 0.8 mL 
Permanent magnet Neodymium (Nd-Fe-B) permanent magnet: 9.5×9.5×19.05 mm 
Amplitude 2.5 mm 
Frequency 0.8 Hz 
Finishing time 5 min 
 
Table 4  Laser irradiation conditions 
 Workpiece  
 Ni-P plated 304 
stainless steel 
304 stainless steel 
Wavelength 1064 nm 
Pulse duration 20 ps 
Frequency 50 Hz 
Beam diameter 
(Gaussian profile) 
≥ 2500 μm 
Irradiation number n 10 shots 150 shots 
Entire laser power  6.70 mW 4.69 mW 
Energy density Ed 
(1 pulse) 
0.14 J/cm2  0.10 J/cm2 
 
 
